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Using high-speed imaging we assessed Streptococcus mutans bioﬁlm–ﬂuid interactions during
exposure to a 60-ms microspray burst with a maximum exit velocity of 51m/s. S. mutans UA159
bioﬁlms were grown for 72 h on 10mm-length glass slides pre-conditioned with porcine gastric
mucin. Bioﬁlm stiffness was measured by performing uniaxial-compression tests. We devel-
oped an in-vitro interproximal model which allowed the parallel insertion of two bioﬁlm-
colonized slides separated by a distance of 1mm and enabled high-speed imaging of the
removal process at the surface. S. mutans bioﬁlms were exposed to either a water microspray or
an air-only microburst. High-speed videos provided further insight into the mechanical
behaviour of bioﬁlms as complex liquids and into high-shear ﬂuid–bioﬁlm interaction. We
documented bioﬁlms extremely transient ﬂuid behaviour when exposed to the high-velocity
microsprays. The presence of time-dependent recoil and residual deformation conﬁrmed the
pivotal role of viscoelasticity in bioﬁlm removal. The air-only microburst was effective enough
to remove some of the bioﬁlm but created a smaller clearance zone underlying the importance
of water and the air–water interface of drops moving over the solid surface in the removal
process. Confocal and COMSTAT analysis showed the high-velocity water microspray caused
up to a 99.9% reduction in bioﬁlm thickness, biomass and area coverage, within the impact area.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).Elsevier Ltd. This is an open access article under the CC BY license
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Dental plaque bioﬁlms are the heterogeneous bacterial com-
munities attached to teeth and soft tissues and embedded ina matrix composed mainly of extracellular DNA, proteins,
and polysaccharides (Marsh and Bradshaw, 1995). Oral bio-
ﬁlms are associated with the development of caries, gingivitis
and periodontitis (Costerton et al., 1995; Donlan and
j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 5 9 ( 2 0 1 6 ) 1 9 7 – 2 0 6198Costerton, 2002). Dental caries occurs through the dissolution
of the enamel by acidogenic bacteria such as Streptococcus
mutans, Streptococcus sobrinus, and lactobacilli (Featherstone,
1999). Bioﬁlm complex structure makes dental diseases difﬁ-
cult to control and to eradicate, thus becoming a worldwide
public health problem (Selwitz et al., 2007). When bioﬁlms are
subjected to different ﬂow conditions, they mechanically
behave as viscoelastic ﬂuids (Klapper et al., 2002; Peterson
et al., 2015; Towler et al., 2003; Wilking et al., 2011). This
means that at low-shear rates bioﬁoms have a “solid-like”
behaviour and are able to store energy, while at high-shear
rates they become “ﬂuid-like” and lose their ability to store
elastic energy. Energy dissipation through viscoelasticity is an
important characteristic because it allows bioﬁlms to tolerate
rapidly-changing shear stresses without detaching from the
surface. In dentistry, ﬂuid shear stresses generated via either
non-contact toothbrushing or ﬂuid ﬂow play a major role in
bioﬁlm detachment (Hope et al., 2003; Hope and Wilson, 2003;
Paramonova et al., 2009) since dental plaque mainly accumu-
lates in particular areas inside the mouth (such as pits,
ﬁssures, interproximal (IP) spaces and subgingival areas)
inaccessible for toothbrush bristles and dentifrices (Fried,
2012). Therefore, the understanding of bioﬁlm mechanical
properties under various hydrodynamic ﬂows represents an
important part for the design of more effective strategies to
remove and to control dental plaque bioﬁlms. Oral irrigators,
which generate a continuous pulsating or steady water jet
designed to remove interdental and subgingival plaque are
widely used as a supplement to toothbrushing, or to replace
traditional ﬂossing (Barnes et al., 2005; Jahn, 2010). More
recently, mechanical bioﬁlm removal either using low
volume, high-velocity water droplets (Cense et al., 2006) or
by entrained air bubbles (Parini and Pitt, 2006; Sharma et al.,
2005b) has shown positive results due to the droplets' impact
pressure, hydrodynamic shear stresses and the surface ten-
sion effects of the passage of an air–water interface over a
solid surface (Busscher et al., 2010b).
In previous studies we grew S. mutans bioﬁlms on and
between two central incisors of a periodontal model to
recreate the realistic geometry of the IP space (Rmaile et al.,
2012). Then we performed high-speed imaging to assess
bioﬁlm removal and viscoelastic behaviour during the expo-
sure to high-velocity microbursts (Rmaile et al., 2014). We
also performed Computational Fluid Dynamics (CFD) simula-
tions to predict wall shear stresses generated over the tooth
surface during the burst (Rmaile et al., 2015). However, due to
the opaque nature of the surface we could not see the details
of bioﬁlm removal process at the surface. Here we developed
an in vitro IP model allowing the parallel insertion of two
bioﬁlm-colonized glass slides which could be monitored
through the side of the slide by a high-speed camera. Bioﬁlms
were exposed to high-velocity water microsprays or air-only
microbursts to assess the effects of these different ﬂuid ﬂows
on the bioﬁlm–burst interactions and bioﬁlm viscolastic
mechanical behaviour with respect to the removal process.2. Materials and methods
2.1. Bacteria and growth media
Bioﬁlms were inoculated with a S. mutans UA159 (ATCC 700610)
adjusted overnight culture (106 cfu/mL) grown in a 2% sucrose-supplemented brain-heart infusion (BHIþS medium) (Sigma-
Aldrich). Type II porcine gastric mucin (Sigma-Aldrich) was
added to the BHIþS medium (BHIþSM medium). Petri plates or
microscope glass slides were conditioned with 10mL of the
BHIþSM medium for 24 h to allow mucins to cover the surface.
Then, bioﬁlms were grown in static conditions for 72 h at 37 1C
and 5% CO2 with BHIþSM medium replacement every 24 h. We
also grew bioﬁlms on non-mucin conditioned plates and in
BHIþS medium (control S. mutans bioﬁlms) to assess the inﬂu-
ence of mucin on the mechanical properties.
2.2. Uniaxial compression tests
Uniaxial compression experiments were performed on control S.
mutans bioﬁlms and on S. mutans bioﬁlms grown on mucin-
conditioned petri plates and with mucin-supplemented medium
using an Electroforce 3200 testing instrument (Bose). Since
bioﬁlms are known to be viscoelastic materials and their
mechanical behaviour varies with the strain rate applied, we
performed uniaxial compression experiments at a constant rate
of 0.05mm/s. An upper cylindrical plunger of a diameter (D) of
7.75mm compressed the bioﬁlm and a 5 N capacity load cell
(Honeywell Sensotec, Columbus, OH, USA) recorded the resulted
force. Bioﬁlm stiffness under constant strain rate was measured
calculating the Young's modulus (E) from the stress–strain
curves as previously described (Rmaile et al., 2012). Six indepen-
dent replicate experiments were performed (n¼6). Statistical
analysis was performed using unpaired two samples t-test for
normally distributed data and difference considered signiﬁcant
where po0.05.
2.3. In vitro IP model and high-velocity microsprays
To allow high-speed camera imaging at the surface we devel-
oped an in vitro IP model (Fig. 1). The model consisted of a
rectangular clear plastic holder, in which two grooves weremade
for the parallel insertion of two S. mutans bioﬁlm-colonized slides
at a distance of 1mm. Slides were cut at 10mm (10mm-length
slice) as a representative length, in the outside-in direction, of
the proximal surface of the human molars. Since most of the
bioﬁlm was rapidly cleared from the 10mm length of the slide
we also grew S. mutans bioﬁlms on full-length slides (75mm25
mm) in order to more clearly assess the ﬂuid nature of the
bioﬁlm which was most evident at the interface between the
spray and the bioﬁlm. Prior to the insertion into the IPmodel, the
initial thickness of the bioﬁlm was 51.879.1 mm (mean71 SD,
n¼9), measured by COMSTAT from 3D confocal images (see
Section 2.6). A Philips Sonicare AirFloss HX8111 commercially
available oral hygiene device was used to generate high-velocity
microsprays. The device was ﬁlled either with water to generate
a water microspray, as per normal use of the device, or was left
empty in order to generate an air-only microburst.
2.4. S. mutans bioﬁlms exposure to high-speed
microsprays
The dental cleaning device was positioned in order to have
the tip centred between the two bioﬁlm-covered slides inside
the IP model (Fig. 1). The shooting was recorded at 8000
frames per seconds (fps) with a high-speed camera MotionPro
X3 (IDT) equipped with a Sigma 105 mm f/2.8 EX DG Macro
lens. To characterize the hydrodynamic of the ﬂow during the
Fig. 1 – Schematic showing the juxtaposition of the IP model,
the tip of the AirFloss (a) and the lens of the hyperspectral
camera (b). The IP model was made up of two bioﬁlm-
colonized microscope slides (in green) (c) held in parallel
grooves in top and bottom plates (d and e) to make a 1-mm
gap. The slides length represented in this schematic is
10 mm. Two support pillars were placed at the back of the
holder (f). The collar holding the AirFloss neck to the bottom
plate (e) so that the tip was ﬁrmly abutted to the IP gap is not
shown for clarity. The direction of the microspray though
the IP space is indicated by the blue arrow. (For
interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)
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burst into open air.2.5. High-speed video post-processing
The HSC videos were converted in Fiji (http://ﬁji.sc/Fiji)
(Schindelin et al., 2012) to a stack with each frame in the
stack being a different time (T) so that the volume could be
represented as XYT co-ordinates. The external diameter of
the nozzle tip (dAF¼2 mm) was used as an internal scale to
calibrate pixels with microns.
In order to characterize the water microspray hydrody-
namic, a water microspray average velocity (u) was deﬁned as
u¼ΔX/ΔT (1), where ΔX is the microspray length variation
along the X axis and ΔT is the time interval between the two
adjacent frames. A Reynolds number (Re) was also measured
using the Reynolds equation for free jets:
Re¼ uρD
μ
ð1Þ
where ρ and m are the density (998 kg/m3) and the viscosity
(1.003103 Pa s) of water at 20 1C and D is the Airﬂoss tip
internal diameter (1 mm). Videos were analysed from ﬁve
independent experiments (n¼5).
Regarding bioﬁlms exposure to high-speed microsprays, the
area of the bioﬁlm cleared zone caused by the microsprays (A)
was measured as a function of the time in each frame every
5ms. Using the Threshold function in Fiji only the cleared zone
was selected in each frame. Then A was measured using the
Measure function. Videos were analysed from three independent
experiments (n¼3). Statistical analysis was performed usingunpaired two samples t-test for normally distributed data and
difference considered signiﬁcant where po0.05.
Bioﬁlm recoil was measured using the reslice function which
creates a time-trace along a deﬁned line. As the bioﬁlm recoiled
towards the cleared zone it makes a continuous curve from the
left to the right. Bioﬁlm total recoil was deﬁned as the difference
between the ﬁnal and initial length. Videos were analysed from
three independent experiments (n¼5 measurements per repeat).
Statistical analysis was performed using unpaired two samples t-
test for normally distributed data and difference considered
signiﬁcant where po0.05.2.6. Confocal and scanning electron microscope analysis
The thickness of the control bioﬁlms (unexposed to a spray or air
jet) and those bioﬁlms on the 1 cm slide immediately after the
shooting were carefully transferred to petri plates ﬁlled with 1%
(wt/vol) phosphate-buffered saline (PBS) solution (Sigma-Aldrich).
Then, the samples were ﬁxed by the addition of 100 μL of 4% (wt/
vol) paraformaldehyde (PFA) solution (Agar Scientiﬁc) and left for
1 h inside the fridge. Afterwards, the bioﬁlm slides were rinsed
twice with 1% PBS in order to disrupt loosely-adherent bacteria.
To visualize dead cells in the bioﬁlm, slides were immersed in a
0.2% solution of Propidium iodide (PI, Live/Dead BacLight Bacter-
ial Viability Kit, Invitrogen) for 30min, washed three times with
1% PBS and then covered immediately with mowiol mounting
medium (20 gr of mowiol powder, 88mL of 1% PBS solution,
40mL of Glycerol and 2.4mL of 5% Citiﬂuor solution). Mowiol
mounting medium is not only optically appropriate (non-absorb-
ing, containing no autoﬂuorescence, or light scattering), but also
has an anti-fade agent which is capable of reducing light-
induced fading of the ﬂuorophore. Immediately after, the sam-
ples slides were covered with a microscope coverslip and left in
the fridge for 24 h in order to settle the mountant uniformly over
the whole slide. Then, the samples were imaged using an
inverted Leica DMI600 SP5 confocal scanning laser microscope
(CSLSM, Leica Microsystems) using a HCX PL APO CS 63x/1.3 NA
glycerol immersion lens. Three random confocal images were
taken on each of three independent replicate control (not
exposed to the spray) bioﬁlm slides to establish the thickness
of the bioﬁlm prior to the shooting (Fig. 2A). For the independent
triplicate spray-exposed bioﬁlm slides, confocal images were
taken inside the clearance zone, at 1, 5 and 8mm distances
directly downstream from the nozzle, from the leading edge of
the slide (Fig. 2B). Thus the experiments were replicated three
times with triplicate repeated confocal images for each position
within each replicate.
The amount of bioﬁlm removed by the water microspray
was quantiﬁed by comparing bioﬁlm thickness (T), surface
area (A) and biomass (B) of non-exposed control slides and
slides after the shooting by analysing the confocal images
with the Matlab plugin COMSTAT (Heydorn et al., 2000). The
percent reduction in bioﬁlm thickness (%RT), biomass (%RB)
and surface area (%RA) were also measured as:
%RT¼ T0TCZ
T0
 100 ð2Þ
%RB¼ B0BCZ
B0
 100 ð3Þ
%RA¼ A0ACZ
A0
 100 ð4Þ
Fig. 2 – (A) Schematic illustrating a S. mutans bioﬁlm covered
slide (10 mm25 mm) prior the shooting. Three random
confocal images (X) were taken on the non-exposed slide.
(B) Schematic illustrating a S. mutans bioﬁlm covered slide
(10 mm25 mm) after the shooting. Confocal images were
taken at 1 mm (a), 5 mm (b) and 8 mm (c) from the leading
edge of the slide. Bioﬁlm is depicted grey while the bioﬁlm
clearance zone white.
Fig. 3 – Load-versus-displacement curves of 3-days old S.
mutans bioﬁlms grown on mucin-conditioned plates or non-
mucin conditioned plate from uniaxial compression
experiments performed under a contant strain rate of
0.05 mm/s. The solid lines are the average of 5 mechanical
tests and the dashed lines are the 95% conﬁdence intervals.
Movie 1 Supplementary material related to this article can be
found online at http://dx.doi.org/10.1016/j.jmbbm.2015.12.012.
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area and biomass prior the and after the shooting respectively.
We compared the thickness of the control (un-shot)
bioﬁlm with that at each of these distances using a t-test
on an n¼3 for the control and an n¼3 for the experiment
bioﬁlms. In addition we did a t-test to establish that there was
no signiﬁcant difference between the bioﬁlm thicknesses at
the three different distances from the nozzle after shooting
(P40.05) and so also grouped these values to compare the
mean thickness within the cleared area with that of the
thickness in the unexposed control bioﬁlm (n¼9).
A Scanning Electron Microscope (SEM, FEI Quanta-200) was
also used to qualitatively assess bioﬁlm removal in high
resolution.3. Results
3.1. S. mutans bioﬁlm structure and mechanical properties
The bioﬁlm structure was similar to that reported previously
(Rmaile et al., 2014, 2012) and consisted of a dense base layer
of cells interspersed with prominent clusters separated by
water channels. At 3 days, the unexposed S. mutans bioﬁlm
was 51.874.9 mm (n¼9) thick. The load–displacement curves
under constant strain rate showed a linear behaviour (Fig. 3)
with a Young's modulus of 7607201 kPa for the mucin grown
bioﬁlm and 8007200 kPa for the non-mucin grown bioﬁlm.
These differences were not signiﬁcant (po0.05, n¼6).
3.2. High-velocity water microspray hydrodynamics
High-speed videos of the water microspray into air showed
two distinct phases (Supplemental Movie 1). The ﬁrst phase
was a 10.5 ms (70.3 ms, n¼5) water jet, while the second
phase was a 45.9 ms (70.8 ms, n¼5) water spray (Fig. 4A). The
total microspray time interval (Δt) was 56.8 ms (70.6 ms,
n¼5). For the jet phase, the water microspray average velocity(u) started from a value of 36.6 m/s (76.2 m/s, n¼5) and
decreased to a minimum value of 31.7 m/s (76.8 m/s, n¼5)
before increasing to a maximum value of 51.1 m/s (76.3 m/s,
n¼5) (Fig. 4B). The exit-velocity proﬁle of the spray phase was
less variable over time, and started from a maximum of
12.9 m/s (71.7 m/s, n¼5) decreasing to 10.9 m/s (73.9 m/s,
n¼5). The Re number calculated for the jet phase ranged from
30,000 to 50,000 predicting fully-developed turbulent ﬂow.
3.3. S. mutans bioﬁlm transient viscoelastic ﬂuid behaviour
High-speed videos of bioﬁlms exposed to high-velocity micro-
sprays revealed that the water microspray and the air-only
microburst rapidly entered the IP channel pushing the bioﬁlm
outwards towards the distal end of the slide, creating a
bioﬁlm cleared zone. The microsprays appeared to cause
the bioﬁlms to liquefy and ﬂow over the slide in an extremely
short period of time (o60 ms). We observed wave-like struc-
tures forming at the bioﬁlm/ﬂuid interface for the entire burst
duration (Fig. 5A and Supplemental Movie2). Also vortices
were seeing developing in a very short time (o5 ms) at the
edges of the remaining bioﬁlm (Fig. 5B and Supplemental
Movie 3). When the microspray ended, these structures
disappeared and left no trace of their formation on the slide
surface, suggesting bioﬁlm ﬂuidisation can be an extremely
transient mechanical behaviour.
Bioﬁlm ﬂuid behaviour was also observed at the edge of
the microscope slides where bioﬁlm was seen dripping out
and creating droplets which where pushed out of the IP space
Fig. 4 – (A) Individual frames from a high-speed camera video of the AirFloss water microspray as a free-jet into air at different
time points. (a) Initiation of the burst. (b) Fully-developed jet phase. (c) Transition phase from water jet to water spray.
(d) Spray phase. Scale bar¼5 mm. (B) Water microspray exit velocity as a function of the time for the ﬁrst part of the jet phase
(0–0.8 ms) and the spray phase (12–13 ms). The solid lines is the average exit velocity and the dashed lines are 95% conﬁdence
intervals. Individual data from 5 independent runs shown as various symbols.
Fig. 5 – Cropped areas from individual frames from two
high-speed camera videos showing S. mutans bioﬁlm ﬂuid
behaviour when exposed to a high-velocity water
microspray. The S. mutans bioﬁlmappeared whitish grey and
the clearance zone was black. The ﬂow was left to right. The
microspray caused the transient formation of wave-like
patterns (A) or vortices (B) at the bioﬁlm/ﬂuid interface. Scale
bars are 1 mm and 0.5 mm for panels A and B respectively.
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ﬁrst stretching and then breaking off.
Immediately after the microspray ended, the bioﬁlms exhib-
ited viscoelastic behaviour by undergoing a time-dependant
elastic recoil, which caused a the reduction in the width of the
cleared channel (Fig. 7A and Supplemental Movie 5). Reslice
graphs showed an exponential increase in bioﬁlm elongation
(recoil) across the spray direction (Fig. 7B). The rate of recoil was
similar to that of a viscoelastic creep recovery (Towler et al.,
2003). Bioﬁlm total recoil was 0.41mm (70.22, n¼15 from three
independent replicates) in aproximately 15ms.
3.4. S. mutans bioﬁlm removal
High-speed camera videos of S. mutans bioﬁlms removal from
the 1-cm length slides showed a different removal process when
exposed to a water microspray or an air-onlymicroburst (Fig. 8A–
C and Supplemental Movie 6 and Movie 7). Bioﬁlm cleared area
caused by the water microspray initial “jet” phase (Δt10ms)
created a relatively straight channel through the bioﬁlm clearing
an area of 32.6mm2 (76.3mm2, n¼3) at a constant rate of
removal. In the second “spray” phase (Δt45ms) the zone of
clearance ﬂared out thus that a further area of 8.2mm2
(72.1mm2, n¼3) was removed over an additional 20ms. There
was little further clearance over the remaining 25ms of the
burst. A total area of 40.8mm2 (70.9 mm2, n¼3) was cleared of
bioﬁlm at the end of the water microspray (Δt55ms). In
contrast, the air-only microburst only generated a straight
channel through the bioﬁlm, with less bioﬁlm being “forced”
off the edge of the slide, resulting in a cleared area of
11.770.9mm2 after approximately 30ms (Fig. 8D). The ﬁnal
bioﬁlm clearance zone generated by the water microspray was
approximately 20 times greater than the one created by the air-
only microburst (po0.05, n¼3).
3.5. Microscopic evaluation of bioﬁlm removal
SEM micrographs of bioﬁlms grown on a 1-cm length slide
and exposed to a single microburst revealed a clearance zone
with well-deﬁned edges (Fig. 9A). Higher magniﬁcation
revealed that there were some small clusters and single
bacterial cells remaining on the surface in the centre of the
cleared area. Confocal micrographs were in agreement with
SEM images and allowed the remaining bioﬁlm to be quanti-
ﬁed from the 3D stack (Fig. 9B).Quantiﬁcation of S. mutans bioﬁlms removal in the
exposed area caused by the high-speed water microspray
showed a signiﬁcant reduction in terms of thickness, biomass
and surface area compared to the unshot sample (Table 1). No
statistical difference was observed between the 1 mm, 5 mm
and 8 mm positions in terms of bioﬁlm thickness, biomass
and area coverage (po0.05, n¼3). Therefore we measured
thickness, biomass and surface area in the exposed zone by
Movie 2 Supplementary material related to this article can be
found online at http://dx.doi.org/10.1016/j.jmbbm.2015.12.012.
Movie 3 Supplementary material related to this article can be
found online at http://dx.doi.org/10.1016/j.jmbbm.2015.12.012.
Fig. 6 – Cropped area from individual frames from a high-
speed camera video showing three different sequences (A, B
and C) of S. mutans bioﬁlm ﬂuid behaviour during the
exposure to an air-only microburst. The ﬂow was left to
right. As the bioﬁlm was pushed out of the IP space, it
formed droplets which ﬁrst elongated and then broke off
(white arrows). Scale bar is 1 mm.
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from three independent replicates).4. Discussion
The in vitro IP model successfully simulated a simpliﬁed
geometry of an interproximal bioﬁlm and allowed high-speed
imaging of the bioﬁlm on the surface during the shooting. We
are aware that this model represents a departure from a dental
clinical relevant model; however, it allowed us to add a direct
real-time bioﬁlm imaging at the surface to the previous tests on
typodonts (Rmaile et al., 2015,, 2014). In particular, here we show
that high-speed microsprays caused bioﬁlm ﬂuidisation on the
surface in a highly transient manner (Figs. 5 and 6). This
phenomenon was extremely quick (o60ms) and cannot be seen
with regular videography or microscopic imaging techniques.
Bioﬁlm ﬂuidiﬁcation can be the result of mixing processes
occurring between the water and the bioﬁlm structure. SinceMovie 4 Supplementary material related to this article can be
found online at http://dx.doi.org/10.1016/j.jmbbm.2015.12.012.
Fig. 8 – Individual frames showing S. mutans bioﬁlm
exposure to a high-speed water microspray (A and B) or air-
only microburst (C) into the IP model space. Frames show S.
mutans bioﬁlm-colonized slide proximal to the camera
(bioﬁlm depicted as dark grey and bioﬁlm clearance zone
depicted as white). The AirFloss nozzle tip was located at
the left edge of the slide. (A) Jet phase creating a straight
clearance zone. (B) Spray phase generating a conical
clearance zone. (C) Air-only microburst generating a straight
clearance zone. Scale bar¼2 mm. (D) Mean bioﬁlm cleared
area as a function of the time during the water microspray
(dots) and the air-only microburst (squares). Data points
represent the mean of triplicate experimental repeats with
standard error bars. Data were statistically different in each
time point (po0.05, n¼3).
Fig. 7 – Images from a high-speed camera video showing
bioﬁlm viscoelastic recoil after a the air-only microburst
spray. (A) Subsequent frames show the bioﬁlm move back
into back into the previously cleared channel. Scale
bar¼1 mm. (B) Time trace using the FIJI “reslice function”
taken perpendicularly across the cleared channel (indicated
by the yellow dashed line in panel (A) showing the time-
dependant bioﬁlm recoil. Scale bar¼10 mm. The recovery of
back into the cleared channel from both sides of the channel
is indicated by the white-dashed lines and appears similar
to that of an exponential decay function characteristic of
viscoelastic creep recovery. (For interpretation of the
references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
Movie 5 Supplementary material related to this article can be
found online at http://dx.doi.org/10.1016/j.jmbbm.2015.12.012.
Movie 6 Supplementary material related to this article can be
found online at http://dx.doi.org/10.1016/j.jmbbm.2015.12.012.
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turbulent behaviour, it might be possible that the vortices
observed at the edges of the remaining bioﬁlm can be turbulent
eddies. Turbulent mixing together with bioﬁlm ﬂuid behaviour
could possibly enhance the mass transfer inside the unremoved
bioﬁlm. This phenomenon could, in future, help antimicrobial
delivery inside dental bioﬁlms for a better therapeutical effect. In
the oral cavity, dental bioﬁlm removal under non-contact
brushing is subjected to different shear forces which can cause
an expansion in the structure of unremoved bioﬁlms due to its
viscoelastic nature (Busscher et al., 2010a; Peterson et al., 2015).
Investigators demonstrated that ﬂuid-dynamic activitygenerated by power toothbrushes can change bioﬁlm viscoelastic
properties which in turn enhance antimicrobials penetration
inside the remaining bioﬁlm (He et al., 2014; Sjogren et al., 2004;
Stoodley et al., 2007).
In addition to ﬂuid behaviour we also demonstrated
bioﬁlm viscoelastic behaviour showing bioﬁlm time-
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caused by the microsprays was removed (Fig. 7). Other
studies have reported that bioﬁlms exhibit both elastic recoil
and residual strain caused by viscous ﬂow (Klapper et al.,
2002; Rupp et al., 2005; Shaw et al., 2004; Towler et al., 2003).
Conventional “before” and “after” imaging would not have
revealed this behaviour and the drawn conclusion would beFig. 9 – (A) Scanning electron microscopy images of a representati
magniﬁcation of the clearance zone. The leading edge of the slide w
(b) Higher magniﬁcation SEM of the edge delimiting the clearance z
and single cells. Scale bar¼100 lm. (c) Inside the clearance zone on
(d) Bioﬁlm composed of dense clusters and chains of cocci in the
(B) Confocal images in x–y plan view with x–z cross section below
microspray inlet (see Fig. 2). (d) An image of the bioﬁlm in an une
Movie 7 Supplementary material related to this article can be
found online at http://dx.doi.org/10.1016/j.jmbbm.2015.12.012.that a device had failed to remove bioﬁlm from the surface in
the ﬁrst place. Thus, when dealing with dental bioﬁlm
removal, the shear forces should be high enough and sus-
tained for a sufﬁcient time to overcome the recoil effect and
be able to detach the bioﬁlm completely off the surface.
It is known from the literature that S. mutans speciﬁcally bind
salivary mucins present in the dental pellicle which cover the
tooth surface (Gibbons and Hay, 1989). Therefore, we added type
II porcine gastric mucin to the bioﬁlm growth medium as a
substitute for salivary mucin (Kolenbrander, 2011). The we
conditioned microscope slides with the mucin medium prior
the inoculation in order to simulate S. mutans/mucin interac-
tions. We then performed uniaxial compression test to assess
how mucin in the medium might inﬂuence bioﬁlm mechanical
properties and thus bioﬁlm behaviour. Although mucins have
been shown to be important in the adhesion of S. mutans, in both
promoting attachment (Kishimoto et al., 1989) or inhibiting
attachment and bioﬁlm formation (Frenkel and Ribbeck, 2015;
Marsh et al., 2009) we found the presence of mucin as a slide
preconditioned pellicle or in the growth medium had no sig-
niﬁcant effect on rigidity (p40.05), suggesting that it did not
inﬂuence matrix production, or was not incorporated at all into
the matrix. It is important to mention that mucin in the growth
medium was a simpliﬁed model of the dental pellicle. Human
saliva contains not only mucins but a complex mixture of
proteins, electrolytes and antibacterial compounds. For our work
we used commercially available mucin since it is more consis-
tent and easier to work with than high viscosity human saliva,ve slide exposed to a single water microspray burst. (a) Lower
as located at the left as presented in Fig. 2. Scale bar¼500 lm.
one showing a reduction of bioﬁlm but with remaining clusters
ly small clusters and single cells remained. Scale bar¼100 lm.
unexposed area away from the microburst. Scale bar¼50 lm.
at distances of (a) 1 mm, (b) 5 mm and (c) 8 mm from the
xposed area. Scale bar¼100 lm.
Table 1 – Thickness, biomass, surface area and relative percent reductions of S. mutans bioﬁlms prior and after the high-
speed microspray exposure. Experimental data reported as mean and 1 standard deviation. Values marked in bold were
statistically different from the unexposed controls (po0.05).
Sample Location Thickness (mm) Biomass (mm3/mm2) Area (105 mm2) RT (%) RB (%) RA (%)
Unexposed control Random (n¼9) 51.7979.01 28.5375.86 0.4170.14 – – –
Exposed 1 mm from nozzle (n¼3) 0.3870.49 0.2570.29 0.1170.10 99.270.9 99.171.0 99.470.4
5 mm from nozzle (n¼3) 0.0370.03 0.0370.02 0.2570.21 99.970.1 99.970.1 99.770.2
8 mm from nozzle (n¼3) 0.1370.14 0.0770.06 41.05713.22 99.770.26 99.770.2 99.370.5
Combined (n¼9) 0.1670.24 0.1070.15 0.2070.15 99.770.5 99.670.5 99.570.4
j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 5 9 ( 2 0 1 6 ) 1 9 7 – 2 0 6 205but in order to have a more complete picture, mechanical
experiments should be performed with human saliva as the
growth medium. However, we also discovered that increasing
the growth period from 2 days in previous studies (Rmaile et al.,
2012) to 3 days signiﬁcantly increased the rigidity of the bioﬁlm
from 0.280 kPa to 760 kPa, a factor of 103. This is consistent
with ﬁndings showing that the elastic modulus of dental bioﬁlms
is positively correlated with the amount (and density) of matrix
components (Hwang et al., 2014; Klein et al., 2015; Waters et al.,
2013), and stresses the importance of frequent and consistent
oral hygiene to continually remove and disrupt plaque bioﬁlm
before it gets stiffer.
The initial jet phase blasted a channel through the bioﬁlm
and the second spray phase extended the zone of clearance, thus
the combination of these two phases appear complimentary.
The water microspray cleared proximally four times of the area
of bioﬁlm than the air-only microburst (po0.05) (Fig. 8B).
Although interestingly the force of the air alone was strong
enough to remove some bioﬁlm. This suggests that water inside
the microspray plays a crucial role in the detachment mechan-
isms possibly because of the higher shear stresses caused by the
more viscous water drops as well as the surface tension effect of
the moving air–water interface of the drop over the bioﬁlm-
colonized surface (Sharma et al., 2005a). Previous studies demon-
strated that, when water shear stresses inside ﬂow cells reached
a critical value between 5 and 12 Pa, bioﬁlmmacroscopic clusters
detached from the surface (Ohashi and Harada, 1994; Stoodley
et al., 2002). Although high-speed camera videos of the water
microspray developing inside the IP space model demonstrated
the complexity and the turbulence of the ﬂow (Supplementary
Movie 1), we made a rough estimate of the magnitude of the
shear stresses (τw) acting over the surface of the bioﬁlm for the
water microspray ﬁrst phase (i.e. water jet) and the air-only
microburst, making two simplifying assumptions: a) when bursts
developed inside the channel formed by the two S. mutans
bioﬁlm slides, the bioﬁlm exposed area can be approximated to
a square channel having a depth and a width of 1mm; b) the air-
only microburst had the same maximum velocity as the water
jet (51.1m/s). The corresponding wall shear stresses values were
7.4 kPa and 0.016 kPa for the water microspray and air-only
microburst, respectively. These results were consistent with the
values found by Rmaile et al. (2014) where a computed τw¼3 kPa
was required to remove 95% of the bioﬁlm by shooting water
micro-drops from a prototype AirFloss at a velocity of 60m/s.
Quantiﬁcation of S. mutans bioﬁlm removal in different positions
along the 10-mm slide showed a reduction in bioﬁlm thickness,
biomass and area covelage up to 99.9% (Table 1), similar to our
previous studies (Rmaile, 2015,, 2014,, 2012). We are aware that
one of the limitations of confocal analyisis is that it is limited in
being able to map in high resolution over larger areas. In this
case the relevant areawould be that of the tooth surface in the IPspace which will be on the order of 0.5–1 cm2. Future work will
considere Optical Coherence Tomography would as a compli-
mentary technology to achieve both high resolution and a more
complete mapping of the zone of clearance.
SEM images indicated that there was still some bioﬁlm
remaining in the clearance zone (Fig. 9A), underlining the
importance of the adhesive viscoelastic forces which develop
between the bioﬁlm and the surface. Similar ﬁndings were
obtained in a recent study on shear-induced detachment of
64 h S. mutans bioﬁlms which showed a decrease in the biomass
removal rate close to the surface because of the presence of a
dense layer of EPS (Hwang et al., 2014). In addition, the authors
also demonstrated that bioﬁlm treated with EPS-digesting dex-
tranase were easier to detach. Therefore, a possible new ther-
apeutical approach can be the combination of high-speed ﬂuid
forces with speciﬁc matrix-digesting agents that facilitate the
mechanical cleaning of dental bioﬁlms.5. Conclusions
High-speed videography revealed that high-velocity ﬂuid-bioﬁlm
interactions can cause the bioﬁlm to behave like a viscoelastic
ﬂuid over very short times-scales (ms). The ability of the bioﬁlm
to liquefy and ﬂow over surfaces when exposed to mechanical
forces is an important consideration in the future designs of oral
hygiene devices. It also opens new opportunities to exploit this
phenomenon with the aim of enhancing transport of dentifrices
inside dental bioﬁlms for increasing antimicrobials or anticaries
therapeutical effects.Acknowledgements
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